Abstract-Micro plasma is investigated which is occurred between the narrow gap of the electrodes, covered with dielectric materials. The discharge gap is set at an order of micro meters by changing a spacer from 0 to 100 um.
INTRODUCTION
Non-thermal plasma is widely used for environmental protection and plasma enhanced chemical synthesis or reaction. Especially ozone generation [1] [2] [3] [4] , and polluted gas control such as dissociations of NOx and HC with a dielectric barrier discharge [5] [6] [7] [8] [9] [10] [11] [12] and a pulsed corona [13] [14] [15] .
Micro plasma could be generated at lower discharge voltages than those discharge methods because of its narrow gaps. Therefore, the size of the power source of micro plasma could be smaller than that of a corona discharge and an atmospheric glow discharge.
We have investigated the removal of exhaust gas in atmospheric pressure by micro plasma, which is generated at a discharge gap of less than 100 um, especially 10 um. At 10 um, micro plasma could be generated only around 1 kV.
Recently, characteristics of micro plasma have been investigated [16] . There are few application for environmental protection such as formaldehyde removal of indoor air [17, 18] .
II.
ABOUT MICRO PLASMA Fig. 1 shows a schematic image of the electrodes used in the experiments. It is a stainless steel covered with dielectric barrier materials both faces, and is 120 cm 2 in area. There are many holes in the electrode.
The gas is flowed through the holes and reacted with active electrons and other active species generated between the electrodes. The pressure loss is about 30 mmH 2 O in a gas flow rate of 8.5 liters per minute. The pressure loss is very small and this reactor could be applied to exhaust gas treatments with large gas flows. In this experiment, the discharge gap between the electrodes is set to less than 100 um, to realize the minimum sparking voltage at atmospheric pressure based on the Pachen's law. TableⅠshows the minimum sparking voltage and the minimum gaps for air, nitrogen and oxygen. Fig. 2 shows a schematic image of the removal process of micro plasma between the electrodes. Simulated exhaust gas contains NOx, HC and CO could be decomposed by atomic oxygen and nitrogen species generated between the electrodes.
When the discharge gap is set to less than 10 um, high electrical field (10 7~1 and active species are generated in such micro plasma, which is activated by high electrical field. 
III. EXPERIMENTAL SETUP
A. Analysis of gas composition Fig. 3 shows the experimental setup. The gas mixture is produced by using gas cylinders of N 2 , NO, O 2 and C 3 H 8 . Concentrations of NOx and O 3 are measured by a chemiluminescence NOx analyzer (Shimadzu, NOA-7000) and an ultra violet adsorption type ozone monitor (Ebara, EG-2001B). Concentrations of CO and HC are also measured by a CO/HC analyzer with none dispersive infrared analyzer (Horiba, MEXA-324G).
Byproducts, such as HC, NOx, CO and CO 2 , generated by micro plasma are analyzed by a FTIR (Shimadzu, IRPrestige-21) and a GC-MS (Agilent, 5972 and 5890).
B. Power Source for a micro plasma
A self-made high frequency (15~20 kHz) power source is assembled to generate high voltage range around １kV. The high voltage supplied to the electrode and its corresponding discharge currents are measured by a high voltage divider (Tektronix, P6015A), AC current probe (Tektronix, P6022) and a digital oscilloscope (Tektronix, TDS 2014).The discharge power is estimated by using a Lissajous figure.
IV. CHARACTERISTICS OF MICRO PLASMA

A.
Discharge voltage of micro plasma Fig. 4 and 5 show example waveforms of a micro plasma. The discharge voltage is a high frequency AC, and the discharge power is estimated by using a Lissajous figure. 
B.
Discharge power of micro plasma Fig. 6 shows the characteristic of the discharge power and the discharge voltage of micro plasma in air. In order to set the discharge gaps, a spacer is used. In this figure, a discharge gap of 0 um stands for the electrodes put together without any spacer. In this case, micro plasma could be generated on each surface of electrode, especially at the circumference of the edge of each hole. The discharge form of a micro plasma electrode could be a combination of a surface discharge and a barrier discharge. Characteristics of the discharge power tend to be similar for the discharge gaps of 0 um and 10 um.
The sparking voltage becomes lower when the discharge gap is smaller. For example, at a discharge gap of 10 um, discharge occurs at 0.8 kV, on the contrary, in the case of 100 um, it occurs at 1.2 kV.
When the discharge starts, the area of the discharge was only a part of the electrode. As the discharge voltage is raised, the area spreads. Therefore, the discharge power is small when the discharge starts. With smaller discharge gap, micro plasma could be generated with smaller discharge power.
V. GAS REMOVAL EXPERIMENT
A. NOx removal Treatment of air pollutants are one of the important issues regarding global environmental protection. In this paper, NOx which is contained in the exhaust gas, is the target to control for one example of the treatment of micro plasma. In the following experiment, gas flow rate is set at 5 liters per minute and the concentration of NO is measured 5 miniutes after the discharge when its concentration is stabilized. We defined NOx as the sum of the concentrations of NO and NO2. Fig. 7 shows the removal of NOx by micro plasma at a discharge gap of 10 um at 25℃.
In absence of O 2 , NO could be chemically reduced to N 2 by atomic nitrogen species, produced by electron impact of N 2 [8] .
e + N2 → e + N( 4 S) + N( 4 S) (1) N( 4 S) + NO → N2 + O (2) N( 4 S) is a ground-state nitrogen atom. The electron impact dissociation of NO is few, because the concentration of N 2 is much higher than that of NO, and most of the high energy electrons react with N 2 .
From the result of Fig. 7 , the concentration of NO decreased with increasing discharge voltages with both With discharge Without discharge experimental conditions. Without O 2 , C 3 H 8 does not play a role in the dissociation of NO, since the effect of atomic nitrogen species are much larger. In this experiment, NO concentration is almost equal to that of NOx concentration. Gas composition: NO 100 ppm, O2 5%, N2 balance Fig. 8 shows the removal of NOx by micro plasma at a discharge gap of 10 um at 25℃. The gas composition was NO 100 ppm, O 2 5%, N 2 balance.
With small amounts of O 2 , NO could be chemically oxidized to NO 2 by O 3 , which is produced by electron impact of O 2 [8] .
e + O2 → e + O(
is a ground-state oxygen atom, M is either N 2 or O 2 . Micro plasma could be generated at a discharge voltage of about 1 kV. At a discharge voltage of 0.96 kV, the concentration of NOx was decreased to 78 ppm from 100 ppm. The removed quantity of NOx has a certain peak for a discharge voltage of about 1.1 kV. When the discharge voltage exceeds 1.1 kV, increase of NOx concentration is observeed. Increasing the discharge voltage, atomic nitrogen species are produced more, which reacts with ozone, resulting with new formed NOx. NOx is generated by the following processes [1, 8] .
e + O 2 → e + O( Fig. 9 shows the removal of NOx by micro plasma at a discharge gap of 10 um at 25℃. The gas composition was NO 100 ppm, O 2 5%, C3H8 500 ppm, N 2 balance.
With small amounts of C 3 H 8 , the concentration of NOx increased by micro plasma. Almost no O 3 could be detected in this experimental condition. Most of the generated O 3 is reacted to other materials such as NO, C 3 H 8 and especially nitrogen atoms to be NO which is already shown in equation (6) . Compared to Fig. 8 , oxidation of NO to NO 2 could be enhanced other than ozone from this results. Fig. 9 . Removal of NO by micro plasma. Gas composition: NO 100 ppm, O2 5%, C3H8 500 ppm, N2 balance
B. Byproduct analysis with FTIR
Byproducts must be found after the treatment of micro plasma, especially gas phase reactions in air or exhaust gas containing various pollutants such as hydrocarbons, which generate hazardous pollutants again.
In the case of treating NOx with ethylene and oxygen as a simulated gas, acetaldehydes and acetic acids are found as byproducts after the plasma treatment [19] . Methanol is a byproduct material as a result of conversion of methane [20, 21] .
In this experiment, a FTIR and a 10 meters gas cell were used to identify the final byproducts of treating the simulated exhaust gases by a micro plasma at a discharge gap of 10 um. The gas cylinder adjusted the simulated gas composition of CO 4.02 %, C 3 H 8 3510 ppm, NO 1215 ppm, CO 2 12.02 %, and N2 balance at a gas flow rate of 0.5 liter per minute to increase the gas retention time between the electrodes. { } shows the concentration of NO2. Fig. 11 shows the spectrums of byproducts analysis obtained by FTIR with oxygen concentration of 5%.
The experimental conditions of Fig. 11 are at a discharge voltage of 1.3 kV and a discharge gap of 10 um. The gas composition of the simulated gas is adjusted to CO 3.82 %, C 3 H 8 3335 ppm, NO 1154 ppm, CO 2 11.42 %, O2 5%, and N 2 balance. The upper figure shows the spectrum of before treating by micro plasma and the lower figure shows that of after the treatment. Table Ⅳ shows the changes of the concentration of simulated gas by micro plasma with oxygen concentration of 5%. These are estimated from the FTIR spectrums and by using the NOx analyzer and CO/HC analyzer.
From Fig. 11 and tableⅣ, CHN, CH 4 , CO, NO 2 and N 2 O are confirmed as byproducts and C 3 H 8 and NO were decomposed by micro plasma after the discharge. 11.42 %, O2 5%, N2 balance. The discharge voltage: 1.3 kV, the discharge gap: 10 um.
Gas flow rate: 0.5 L/min 
VI. CONCLUSIONS
We investigated treatment and removal of simulated gas by micro plasma. Removal of NOx and HC by micro plasma is considered to be effective. Followings are the conclusions for as a series of experiments.
(1) Micro plasma is generated around 1 kV at a discharge gap of 10 um. (2) When the simulated gas, including NO, O 2 and N 2 is treated by micro plasma, the value of removal NOx is a maximum at a certain discharge voltage. (3) When simulated gas, including NO, C 3 H 8 , O 2 and N 2 is treated by micro plasma, the concentration of NOx increases and the oxidation of NO to NO 2 could be enhanced other than ozone. This phenomenon could be concerned with C 3 H 8 . (4) Oxygen and nitrogen atomic species generated by micro plasma could have oxidized NO to NO 2 and decomposed NO and C 3 H 8 . However, on simulated gas composition, CHN, CH 4 N 2 O and CO is confirmed as byproducts.
